Abstract
residing in soil-isolated strains of B. pseudomallei that were resistant to the dominant soil borne phages could be induced by mitomycin C. These induced-temperate phages were closely related, but not identical, to the more dominant soil-isolated phage type.
Conclusion/Significance
The presence of podoviruses capable of infecting B. pseudomallei may affect the success of the pathogen isolation from the soil. The currently used culture-based methods of B.
pseudomallei isolation appear to under-estimate the bacterial abundance. The detection of phage capable of infecting B. pseudomallei from environmental samples could be a useful preliminary test to indicate the likely presence of B. pseudomallei in environmental samples.
Author Summary
Burkholderia pseudomallei is a motile, Gram-negative bacterium that causes melioidosis. The disease is endemic in Southeast Asia and Northern Australia and can be fatal. In the zones of endemicity, B. pseudomallei are commonly found in soils, and the bacteria can move to the surface during the rainy season. In Thailand, rice farmers rarely wear protective footwear, and thus they are exposed to a risk of infection with B. pseudomallei by cutaneous inoculation. Biological factors such as bacteriophages (phages), viruses of bacteria, present in the same ecosystem as B. pseudomallei may affect the population dynamics of this bacterium in the environment. In order to study this, we have investigated the distribution patterns of B. pseudomallei and associated phages in nature and the impact of these phages on the bacterial culturability. This is the first study demonstrating that the presence of phages capable of infecting B. pseudomallei may affect the success of the pathogen isolation from the soil. Currently culture-based methods of B. pseudomallei appear to underestimate the bacterial abundance.
Introduction
Burkholderia pseudomallei is a motile, Gram-negative, non-spore-forming bacterium that causes melioidosis [1] . The disease is endemic in Southeast Asia and Northern Australia. The clinical manifestations of melioidosis range from localized infection to sepsis and death, with pneumonia being the most common presentation [2] . Treatment with ineffective antimicrobials may result in case fatality rate exceeding 70% [3] . Currently, there is no licensed vaccine available. The bacteria are intrinsically resistant to many antibiotics. In a typical clinical case, parenteral treatment with ceftazidime is given for at least 10 days, followed by oral treatment with a four-drug combination (chloramphenicol, doxycycline, trimetoprim-sulfamethoxazole) for 20 weeks. Due to its aerosol infectivity, the high mortality rate and the absence of effective human vaccine available for the treatment of melioidosis [1, 4] , B. pseudomallei has been recognised as a potential bio-threat agent, and it has been listed as category B disease/agents by the U.S. Centers for Disease Control and Prevention [1, 5] .
In the zones of endemicity, B. pseudomallei are commonly found in clay soils at a depth of about 25-45 cm, and the bacteria can move to the surface during the rainy season [6] . In Thailand, rice farmers rarely wear protective footwear, and thus they are exposed to a risk of infection with B. pseudomallei by cutaneous inoculation. Moreover, heavy rain may create aerosols contaminated with the bacteria, and this can result in the inhalation of the organism [7] . The existence of these risk factors is correlated with a high incidence of melioidosis in the rainy seasons. There are reports that temperature, pH, and water content in the soil might affect B. pseudomallei survival [8, 9] . In addition to soil physicochemical properties, biological factors such as bacteriophages (phages) present in the same ecosystem as B. pseudomallei may affect the density of this bacterium in the environment. Our previous work has revealed that B. pseudomallei phages can be readily isolated from the soil environment [10, 11] .
Phages are the most abundant life form on Earth, and they are frequently found to co-exist with their bacterial hosts with approximately 10 phage particles for every bacterial cell. They can be found in most environments, such as sewage, soil, and water [12, 13] . In general phages either follow a lytic or a lysogenic life cycle so they can shape microbial communities by lysing their hosts or alternatively by lysogenizing them where they may provide phenotypic advantages to recipient bacteria [14, 15] . Phages are thus considered to have major role with respect to bacterial abundance, population structure and diversity in a variety of environments including soil.
There is only limited information available about the role of temperate phages in the virulence of B. pseudomallei. The B. pseudomallei K96243 genome is organized into two circular chromosomes [16] . The genome is highly mobile with sixteen genomic islands constituting over 10% of the total genome. Eight of these islands have some prophage like characteristics, and one genomic island was shown to encode phiK96243 phage [16, 17] . More recently, Gatedee et al [10] reported the isolation of FBp-AMP1 and other B. pseudomallei phages from soil samples. Almost all of the isolated B. pseudomallei phages were podoviruses, suggesting that such phages are dominant in the environment. Interestingly, there are no FBp-AMP-1-like prophages detected in the sequenced B. pseudomallei strains. This lack of such prophages may due to the commonly used culture temperature of 40°C for B. pseudomallei isolation, which results in the phage induction, and thus remaining bacteria are phage-free. Further characterization by our group [11] showed that a class of temperate podoviruses that target B. pseudomallei go through a lytic cycle at 37°C, whereas at 25°C they infect their host bacteria but remain temperate. These lysogens are relatively stable at lower temperature but when the bacteria are incubated at 37°C they are induced with a high frequency. Similarly, when lysogens are passaged through mice, in most cases the prophages are induced and thus the bacteria are killed. However, the small numbers of bacteria that are recovered are phage-free, suggesting that on entry to the mouse these bacteria have lost their phages without being killed.
In order to assess whether B. pseudomallei could be co-isolated with their dominant phages from the environment, multiple soil samples were collected from northeastern Thailand where melioidosis is endemic. The presence of B. pseudomallei in the samples was assessed by culture. Phages were detected using spot assays and their presence confirmed by plaque assays on B. pseudomallei strain 1106a lawns. In the majority of samples that contained B. pseudomallei or phages, only one of the partners was present; bacteria and phages were co-isolated only in a small number of samples. The B. pseudomallei strains that were co-isolated with bacteria were found to be relatively stable lysogens and were resistant to infection from the dominant soil phage type. Furthermore their own resident temperate phages could be induced from the bacteria using mitomycin C (MMC). The induced phages were compared to the soil-isolated phages by assessing their morphology using Transmission Electron Microscopy (TEM) and restriction analysis of the phage DNA.
Materials and Methods

Bacterial strains and culture conditions
Burkholderia pseudomallei strain 1106a was chosen as a propagation strain for phage isolation and purification because its genome lacks prophage islands [18] , and because it has a multilocus sequence type (ST) 70, which is the most abundant genotype in northeastern Thailand [19] . All B. pseudomallei strains were cultured on Luria-Bertani (LB) agar (Hardy Diagnostics, USA) and incubated at 37°C for 18-24 hours. To obtain mid-log phase cells, 10 μl of overnight-cultured B. pseudomallei were sub-cultured into 3 ml of LB broth (Thermo Fisher Scientific, USA) and incubated at 37°C for approximately 4-6 hours.
Soil sample collection for B. pseudomallei and phages isolations
One hundred and one soil samples were collected from a backyard and a rice paddy field of a melioidosis patient in the rainy season from Roi-Et province, northeast Thailand, which is an endemic area of melioidosis disease. The soil in this area is sandy loam soil. Sharp-ended polyvinyl chloride tubes were used to collect soil from a depth of 30 cm and 2.5x2.5 meters apart according to Wuthiekanun et al [20] .
For B. pseudomallei isolation, 10 g of soil samples were weighed and added directly into 10 ml of threonine-basal salt solution (TBSS) plus Colistin 50 μg/ml (TBSS-C50), mixed, and then incubated at 40°C for 48 hours. Ten microliters of the broth culture was subcultured onto Ashdown agar plates and incubated at 40°C in air for 4 days as described previously [21] . Putative B. pseudomallei showing typical colonies on Ashdown's agar were confirmed by the latex agglutination test [22] and arabinose assimilation test [23] . B. pseudomallei were characterized as arabinose non-assimilators and latex agglutination test positive.
Isolation of phages from soil was performed according to previously described [10] . Essentially, 2 g of soil were transferred into 10 ml LB broth plus 5 mM CaCl 2 before mixing thoroughly by inversion and incubated at least 1 hour at room temperature. Then, the mixture was centrifuged at 4000xg for 20 minutes and supernatant was collected for filtration through a 0.22-μm filter membrane. This phage filtrate preparation was used for phages isolation by spot assay [10] and confirmed for the presence of phages by double agar plaque assay [24] using B. pseudomallei strain 1106a as bacterial host.
Isolation of mitomycin C-induced temperate phages from B. pseudomallei
Temperate phages were induced from B. pseudomallei according to Wright et al [25] . In brief, freshly prepared MMC (Sigma-Aldrich, USA) was added to 10 ml of mid-log phase B. pseudomallei culture to a final concentration of 250 ng/ml. The optical density (OD 600nm ) was measured every 2-4 hours over 24 hours. After 24 hours of incubation, the sample was centrifuged at 4000×g for 10 minutes and the supernatant containing phages was passed through a 0.45-μm filter membrane (Whatman, UK). The presence of phages was confirmed using the double agar plaque assay [24] .
Transmission Electron Microscopy
Negative staining was performed for phage morphology examination by TEM (JEOL 1230, Japan). Phages (approximately 10 6 −10 8 particles/ml) were fixed with 2.5% glutaraldehyde in 0.1 M phosphate-buffered saline (PBS; pH 7.3) for 3 hours, and a drop of this solution was dropped onto a carbon-coated copper grid (200 mesh). The excess liquid was removed by filter paper and the grid was dried. A drop of 2% phosphotungstate was added for 1 minute, and the excess liquid was removed with a piece of filter paper before further drying. Digital images were captured using a GATAN Orius 1k camera with associated analysis software.
Phage DNA extraction and restriction enzyme analysis
Phages were concentrated using polyethylene glycol (PEG; Sigma-Aldrich, USA) precipitation as previously described [26] . After mixing with PEG8000, the phage suspension was centrifuged at 11,000×g for 25 minutes at 4°C and the pellet was re-suspended in SM buffer (Storage Media; 100 mM NaCl, 10 mM MgSO 4 .7H 2 O, 50 mM Tris-HCl, pH7.5). DNaseI (14 mg/ml) and RNaseA (30 mg/ml) (Thermo Fisher Scientific, USA) were then added, and the mixture was incubated at 37°C for 1 hour to eliminate bacterial nucleic acids. Following phenol/chloroform extraction, the aqueous phase was precipitated using absolute ethanol. The precipitated phage DNA was washed, dissolved in sterile deionized water, and stored at -20°C until use. For restriction enzyme analysis, the isolated phage DNA was digested with BstBI or MluI restriction endonucleases using the manufacturer's recommended conditions. Digested DNA was separated by agarose gel electrophoresis, and images were captured using GeneSnap acquisition software (Syngene, UK).
Polymerase chain reaction (PCR) and DNA sequencing PCR was performed using primers specific for the phage tail tubular protein B gene. The forward (5 0 -TAAGGTAACAGGC AGCTACG-3 0 ) and reverse (5 0 -ATTGAGCACGAAGCA GAACG-3 0 ) primers were designed from B. pseudomallei FBp-AMP1 [10] . The reaction mixture contained 10 ng of phage DNA, 0.2 units of Taq DNA polymerase (Bioline, London, UK), 0.4 μM of each primer, 250 μM of each deoxynucleotidetriphosphate (dNTP), 1×PCR buffer, and 2.0 mM MgSO 4 . Thermal cycling was performed in a TProfessional thermocycler machine (Biometra, Germany) with the following parameters: 95°C for 2 minutes, followed by 35 cycles of 94°C for 45 seconds, 51°C for 45 seconds, and 72°C for 1 minute, and a final extension at 72°C for 10 minutes. The amplified products were analyzed by agarose gel electrophoresis.
Results and Discussion
B. pseudomallei and their phages in soil collected from northeastern Thailand
Northeastern Thailand is the endemic area of melioidosis where humans can be infected by having contact with B. pseudomallei residing in soil or water. Bacterial density in the environment is a crucial risk factor for infection. Despite a relatively high abundance of B. pseudomallei phages, little is known about their distribution and their impact on the B. pseudomallei population in natural habitats. To initiate research in this area, we collected 86 soil samples from a backyard of a melioidosis patient in the Roi-Et province, and processed the samples for the isolation of B. pseudomallei and their phages. Neither B. pseudomallei, nor phage capable of infecting B. pseudomallei could be detected in 50 samples. This could be due to the absence of bacteria and phages in these samples, or that their presence was at levels below the detection limit for the methods used in this study. Twenty-three (26.7%) soil samples were positive for B. pseudomallei but not phages, as assessed by the growth of bacterial colonies on Ashdown agar plates (Fig 1A) .
The isolation of B. pseudomallei from soil was carried out in accordance with recommendations provided by an authoritative paper in the field [27] . The authors of this paper clearly state that the incubation temperature of 40°C was suggested based on evidence that it allows good growth of B. pseudomallei but inhibits many other soil bacteria.
In our project, we have also tried to incubate soil samples in liquid broth at 25°C (instead of 40°C) before plating at 25°C and found that many other bacteria over growth on the plate, even though there were antibiotics in the culture medium. B. pseudomallei colonies growing at 25°C on agar plate are hard to find due to the very small (pin-point) colony size and overgrowth of other bacterial species. In addition, it is hard to identify the suspected B. pseudomallei as colonies are not suitable for further confirmation by latex agglutination test due to the size and many contaminating colonies.
To isolate phages, spot tests were used to test extracts from these soil samples, which were spotted on the B. pseudomallei 1106 a lawns. Ten (11.6%) of the soil samples were positive for only the phages, as assessed by phage plaques formation on the lawns of B. pseudomallei strain 1106a (Fig 1A) . Note that we did not enrich for the presence of phages and thus would not have been able to observe phage presence if they were present at less than 5 plaque forming units (PFU)/ml of suspension which corresponds to 25 PFU/g of soil (This is based on the detection method where 2 g of soil is suspended in 10 ml of LB broth, and then 200 μl aliquot is taken to quantify plaques by the double agar plaque assay). No B. pseudomallei colonies were grown on the Ashdown agar plates from these phage positive soil samples, when they were processed and plated. B. pseudomallei and their phages were only detected in 3 (3.5%) of the samples analysed. Since phages capable of infecting B. pseudomallei could not have appeared in the samples without the prior presence of bacteria, or exposure to bacteria nearby, our data suggest that all phage-positive/bacteria-negative samples have had B. pseudomallei (or possibly B. thailandensis) in or in a close proximity to them, but these bacteria were killed by the phages either before or during the sampling itself or processing the samples. Thus, it could be concluded that currently adopted culture-based methods of B. pseudomallei detection in the environmental samples appear to under-estimate the bacterial abundance, at least in our sampling area. This under-estimation is likely to be at least due to the action of the phages e.g. the commonly used culture temperature of 40°C for B. pseudomallei isolation may lead to prophage induction and the bacteria are killed [11] . Since these phages appear to be abundant in the environment alongside with the bacteria, we propose that phage plaque assay on an indicator B. pseudomallei host could be a useful preliminary test to indicate the likely presence of B. pseudomallei in environmental samples. Although the results of such a test should be treated with some caution because many phages that infect B. pseudomallei can also infect the closely related B. thailandensis, they can provide a simple and rapid assessment of the likely presence of B. pseudomallei in the environment.
Phages that are present as B. pseudomallei lysogens that coexist with free phages in the soil could be induced using MMC To assess if the pattern of differential B. pseudomallei-phage detection in the soil samples was common, we repeated the experiment but sampled a smaller number of samples (n = 15) in a rice field three kilometers from the first sampling site. A similar pattern of bacteria and phage distribution was observed: one sample was positive for only B. pseudomallei, four samples positive for only the phage, and three samples positive for both the bacteria and the phage (Fig 1B) .
All three of the freshly soil-isolated B. pseudomallei (RE1, RE2 and RE3) which appeared to coexist with phages in the soil were chosen for phage induction by MMC treatment. The bacteria were subcultured at least 3-4 times to avoid phage contamination before culturing in LB broth with or without MMC treatment. Growth curves of MMC-treated B. pseudomallei isolates RE1-3 indicated the induction of temperate phages following treatment (Fig 2A) . The optical density (OD 600nm ) of MMC-treated B. pseudomallei strains was significantly reduced compared to the OD values of untreated bacteria. To confirm successful prophage induction, the supernatant of the MMC-treated B. pseudomallei cultures were subjected to a plaque assay. The results showed that the induced phages could infect a test strain of B. pseudomallei 1106a and yielded clear plaques approximately 3-5 mm in diameter; no plaque formation was detected when using B. pseudomallei RE1, RE2 or RE3 as the bacterial host. The likely explanation for the apparent resistance of these strains is the presence of prophage within these host strains.
We observed no difference in plaque morphology on the B. pseudomallei 1106a lawns for the MMC-induced phages and no difference in plaque morphology between the MMCinduced phages and our previously isolated free phages FBp-AMP1 [10] (S1 Fig). The temperate phages derived from B. pseudomallei strains RE1-3 were subsequently designated FBp-RE1, FBp-RE2, and FBp-RE3, respectively. No phage plaques were observed when samples from the control cultures incubated without MMC were spotted on the B. pseudomallei 1106a lawns, which indicates that there is no spontaneous release of the phages from the cultures of RE1-3 strains (Fig 2A) . However, it is possible that the induced phage (if any) is not able to infect B. pseudomallei 1106a indicator bacteria or the number of induced phages is lower the detection limit (5 PFU/ml). Together, these data suggest a successful temperate phage induction from all three soil-phage-resistant B. pseudomallei and that the induced temperate phages could infect B. pseudomallei strain 1106a.
The temperate phages FBp-RE1, FBp-RE2, and FBp-RE3 were plaque-purified at least five times, and the phage morphology was assessed by TEM. All of the phages had icosahedral head (diameter~58 nm) with a short and non-contractile tail, which is characteristic of phages in the Podoviridae family (Fig 2B and 2C) . The genome sizes of these phages, as assessed by pulsed-field gel electrophoresis, were estimated at approximately 45 Kb (S2 Fig) . This is similar with that for the FBp-AMP1 phages characterized in our previous work [10] . In addition, these data provide a likely explanation to why these three isolates were originally found co-isolated with the free soil phages: it is likely that they are lysogenized with the phages identical or at least highly similar to the dominant podovirus type abundantly found in soil, and this lysogeny provides a protection from the attack by the same or a related phage. MMC-induced and soil-isolated B. pseudomallei phages are highly similar but not identical
To further compare the genetic features between MMC-induced B. pseudomallei phages (FBp-RE1-3) and two newly isolated free phages (FBp-RE4-5), BstBI and MluI restriction enzyme digestion analyses of the phage genomic DNA were carried out. No significant difference between the BstBI restriction enzyme digestion patterns among the three MMC-induced phages and free phages were observed and these phages have the same calculated genome size of approximately 45 Kb (Fig 3A) . However, different DNA patterns were observed when the MluI restriction digestion profiles were analyzed (Fig 3B) . It appears that additional MluI recognition sites are present in the genomes of the induced phages, resulting in the alterations of the MluI digestion profile of the induced phages compared to that of the dominant soil-isolated ones.
In addition to the restriction enzyme digestion analyses, PCR analysis with primers specific to a gene encoding the tail tubular protein B of FBp-AMP1 [10] were carried out on the MMC-induced temperate and the free phages. An approximately 325-bp-long DNA fragment was amplified when each of the phage samples was used as a template (Fig 4A) . To explore whether they have the same nucleotide sequences, DNA sequencing of the amplified DNA fragment was carried out. The amplified DNA fragment from MMC-induced temperate phages (FBp-RE1-3) and free phages (FBp-RE4-5) showed identical nucleotide sequences and had 100% nucleotide sequences identity to FBp-AMP1 (Fig 4B) , further suggesting the close similarity between these phages.
The B. pseudomallei temperate podoviruses induced in this study differ from those observed in a previous study [26] , in which MMC treatment of a clinical isolated B. pseudomallei induced a temperate virus (FP27) that belonged to the Siphoviridae family. In addition to MMC, Ronning et al [18] reported the induction of prophages from B. pseudomallei strains Pasteur 52237, E12, 644 by UV light, and found that the released viruses were from the Siphoviridae and Myoviridae families. Taken together, these data indicate the abundance of temperate phages in the environmental B. pseudomallei strains. The impact of such phages on B. pseudomallei biology is largely unknown. However, we have previously suggested that a group of temperature-dependent podoviruses are likely to significantly influence many aspects of B. pseudomallei existence in the environment. They are also likely to impact our ability to detect, and correctly enumerate bacteria from environmental samples [11] . The research presented here is consistent with our previous data and provides further evidence for the importance of this phage group.
Conclusion
This is the first study that has assessed the presence of both B. pseudomallei and their phages in the same soil samples collected from the endemic area of melioidosis. The podovirus capable of infecting B. pseudomallei appear to be abundantly present in the soil. Currently adopted culture-based methods used for the detection of B. pseudomallei in the environmental samples appear to under-estimate the bacterial abundance due to the action of the phages. Some environmental isolates of B. pseudomallei appear to be relatively stably lysogenized by the podoviruses. Temperate phages could be induced from such B. pseudomallei strains isolated from soil by MMC. Restriction enzyme analyses indicated that MMC-induced phages are closely related to common free soil-isolated phages [10, 11] . Further investigation of the phage-host infection networks and dynamics of complex phage-host communities will help us to reveal the role of phages player in shaping the density in the soil of the life-threatening bacterial pathogen B. pseudomallei. 
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